of the forcings of JJA mean temperatures in the region shows an association with sea-surface temperature over the eastern North Atlantic, but also the subpolar and subtropical gyres. Moreover, using Superposed Epoch Analysis, a significant cooling in the year following a volcanic eruption was noted, and for the largest explosive eruptions, the effect could remain for up to 4 years. This new improved reconstruction provides a mean to reinforce our understanding of forcings on summer temperatures in the North European sector.
Introduction
Understanding past climate change and variability allows us to quantify the impact of the recent anthropogenic influence on the climate system by quantifying its natural behaviour and variability (Frank et al. 2010) . Moreover, using proxydata to increase the understanding of past climate changes, such as extreme events and abrupt changes, provides, together with historical sources, tools to understand how climate has affected societies in the past (e.g. Büntgen et al. 2011a) . Since the first high-resolution reconstruction of Northern Hemisphere temperatures (Mann et al. 1999 ) was introduced, an increasing number of attempts to reconstruct global or hemispheric climate has been made (e.g. MassonDelmotte et al. 2013 ). Although they all display their own characteristics, depending on methods used and proxies included, in general they provide a broadly coherent picture of the climate evolution over the last two millennia. Still, since global change has a strong regional expression, it is vital that we can provide information also on these spatial 1 3
scales. The efforts of the PAGES 2K consortium (2013) is an excellent example of looking at regional climate change through time.
When it comes to reconstructing mid-to-high latitude climate variability with high (annual) resolution, tree rings are the most widely used climate proxy. This is because of the relative ease of creating well replicated, accurately dated chronologies with annual resolution that can be calibrated against meteorological observations. Over time the discipline of dendroclimatology has evolved from providing local (site) climate information, to regional (combining several sites within a region), and finally hemispheric and global averages. With an ever increasing number of sampled sites across the world, an increasing number of treering based field (gridded) reconstructions of temperature (Gouirand et al. 2008, hereafter G08; Cook et al. 2012 ) and drought (e.g. Cook et al. 2004 Cook et al. , 2010 Touchan et al. 2011; Seftigen et al. 2014a ) have been produced within the last decade. Field reconstructions have the obvious advantage of providing information of past climate with a high spatiotemporal resolution, yielding means to study contemporary climate variability among sub-regions.
Fennoscandia, being located in the high-latitude boreal zone, is well suited for dendroclimatological studies, and consequently has a long tradition of climate and environmental research using tree-ring data (see Linderholm et al. 2010a for a review). Fennoscandia is also the home of several of the worlds' longest tree-ring chronologies: Finnish Lapland (Helama et al. 2002) , Torneträsk (Grudd et al. 2002) and Jämtland (Gunnarson 2008) , covering large parts of the Holocene. Data from the latter two has also been used to represent Fennoscandia in several hemispheric and global temperature reconstructions Mann et al. 1999; Esper et al. 2002; Briffa et al. 2002; Moberg et al. 2005; D'Arrigo et al. 2006; Ljungqvist 2010) .
Over the last few years several new chronologies spanning the last millennium have been produced in Fennoscandia, mainly in the far north. In addition to providing reconstructions of local warm-season temperature variability (Grudd 2008; Gunnarson et al. 2011; Melvin et al. 2013) and past changes in cloud cover and sunshine (Young et al. 2012; Loader et al. 2013 ) from single-site data, some of these chronologies have been included in multi-site studies to infer past regional climates (Büntgen et al. 2011b; Esper et al. 2012; McCarroll et al. 2013) . Still, looking at the spatial expression of the above mentioned "supra long" chronologies as well as regional reconstructions based on trees from northernmost Sweden, it is evident that they mainly represent their own regions and not the whole of Fennoscandia. Previous gridded multi-proxy reconstructions of Pan-European temperatures (Luterbacher et al. 2004, hereafter L04; Guiot et al. 2010, hereafter G10) have mainly been based on proxy data from continental Europe, making them less reliable for Fennoscandia. Focusing only on Fennoscandia, G08 showed that it is possible to provide a reliable reconstruction of summer temperatures for the whole of this region provided that also data from its central parts is included. However, it was evident that the lengths of most of the records then available were insufficient to provide a spatially coherent reconstruction beyond the midseventeenth century.
The aim of this paper is to provide a spatiotemporally coherent summer temperature history of Fennoscandia for most of the last millennium. The motivation is the statement from Esper et al. (2012) , that despite the high number of high-resolution proxy records in northern Fennoscandia, which are individually well calibrated against observations, the summer temperature evolution during the last millennium is still not well understood. This is due to the large difference among the records, despite this being a region characterised by spatially homogeneous summer temperature patterns. To reach our aim, we used density and blue intensity (McCarroll et al. 2002) data from northernmost Fennoscandia (Esper et al. 2012; Forfjorddalen from McCarroll et al. 2013) as well as from a north-south transect along the Scandinavian Mountains (Björklund et al. 2013) , including previously unpublished data. In Sect. 2, we describe the density and blue intensity data, as well as how it is transformed into the newly developed "Δ parameter" that has been shown to contain a high-quality summer temperature signal (Björklund 2014; Björklund et al. 2014a , see a more detailed description below). After the transformation, the data is standardised using a modified hybrid of the RCS and signal-free standardisation methods (Melvin and Briffa 2008; Björklund et al. 2013, see below) intended to preserve as much of the common low-frequency variability in the resulting chronologies as possible. In Sect. 3 we describe the reconstruction used to derive a more spatially representative view of summer temperature variability for the last 900 years. We use a similar method to McCarroll et al. (2013) , combining ten chronologies into a Fennoscandian average. Descriptions of the new reconstruction, as well as comparisons with previous ones are given in Sect. 4. In Sect. 5, we present a tentative field reconstruction for the region using the ten chronologies, and compare the results to previous gridded reconstructions focusing on or including Fennoscandia (L04, G08 and G10). In Sect. 6, we briefly examine the influence of two forcings on Fennoscandian summer temperatures, where volcanic eruptions represent short term, and North Atlantic sea-surface temperatures (SST) long-term forcing. Finally, we summarise our findings in Sect. 7.
3
2 Tree-ring data 2.1 Tree-ring data We used seven Δ Density and three Δ blue intensity (ΔBI) chronologies derived from Pinus sylvestris (Scots pine) increment cores and cross sections collected from eight sites in Fennoscandia ( Fig. 1 ; Table 1 ). All density data was produced using an ITRAX multiscanner (www.coxsys.se) (see Gunnarson et al. (2011) for a detailed description of the process), except for the density data we used from the Esper et al. (2012) network, which was produced using DENDRO2003 (Eschbach et al. 1995) . The density samples were prepared according to standard techniques (Schweingruber et al. 1978) . The optical BI data was produced following the protocols developed by Campbell et al. (2011) and Björklund et al. (2014a) . Digital images were produced with a flatbed scanner at 1,600 dpi resolution (Epson Perfection V600 Series) calibrated with SilverFast Ai professional scan software using the Calibration Target (IT8.7/2). All density and optical images were analysed with the commercial software WinDendro™.
Several works have shown that MXD from Fennoscandian Scots pines contain high-quality temperature information for an extended growing season spanning from April/ May to August/September (Briffa et al. 2001; Grudd 2008; Linderholm et al. 2010b; Gunnarson et al. 2011; Björklund et al. 2013; Melvin et al. 2013 ). However, here we utilise the new ΔDensity and ΔBI parameters , which is defined as the MXD (MXBI) value for each annual increment minus the earlywood density (BI). Since the earlywood will contain some information of the spring (April-May) conditions, removing this from the maximum density (BI) will provide a more focused summer (June through August, JJA) temperature signal in the remaining ΔDensity (ΔBI). The motivation to use ΔDensity and ΔBI in this study was that, although they comprise information from shorter target seasons, they contain stronger temperature signals than their MXD and MXBI counterparts , and can in some cases alleviate biases caused by "modern sampling" (Melvin 2004) . Furthermore, it is critical for the BI proxy which cannot function as a component in an RCS based climate reconstruction without this transformation. Actually, additional adjustments need to be made. Björklund et al. (2014a) showed that transforming BI data into ΔBI yields a marked improvement compared to only using MXBI, but ΔBI is systematically biased in the lowermost frequencies, because the sample with the highest (lowest) mean BI values display a lowered (raised) contrast between the earlywood and latewood elements that are used to calculate ΔBI. Consequently, ΔBI chronologies have a systematic bias in them if the older samples in a chronology are dark, which is usually the case. To overcome this, we performed a contrast adjustment on the BI data using the method described in Björklund (2014) and Björklund et al. (2014b) , yielding ΔBI adj .
Standardisation
To remove the age-related trend and other non-climatological variance in the tree-ring data, while trying to preserve as much low-frequency (centennial and longer) information as possible, we standardised the data using a regionally constrained individual signal-free standardisation method (termed RSF i ), introduced by Björklund et al. (2013) . This is a modified version of the signal-free method by Melvin and Briffa (2008) , combining the individual signal free (ISF) and RCS signal free (RSF) approaches (we refer to Björklund et al. (2013) for a detailed description of the method). Briefly, in addition to retain long-term variability similar to RCS, RSF i also attempts to remove noise from local "random" disturbances in the decadal time-frame, such as stand dynamics, and also obvious miss-estimations of growth trends, by using a signal-free data-adaptive curve-fitting approach where the detrending functions subsequently are forced to the same mean as the local average of the regional curve (RC). By respecting the mean value of each tree-ring measurement it is possible to alleviate the segment length-curse (Cook et al. 1995) and retain climatic information on centennial timescales, if life spans of included trees are of this age. However, similar to RCS, RSF i cannot distinguish between variability in mean values that is climatically induced from ones that is only a function of microsite circumstances. Due to the homogeneity of JJA temperatures in the studied region, all tree-ring data was loaded in the same signal-free run. This was done to remove the effects of external disturbances that may affect a sub-region (e.g. human impacts, insect outbreaks and fires) but which are unrelated to climate. Since such impacts rarely are randomly distributed among the trees at a site, they may be misinterpreted as a climate signal in a chronology. The tree-ring datasets for each site was subsequently averaged separately, to retain a purer temperature signal from each individual chronology. This has the benefit of reducing the uncertainties around the mean values in subsequent composite chronologies. Consequently, the chronologies can also be used in sub-regional to local interpretations of temperature with greater accuracy in the high frequency domain, as well a better estimations of local low-frequency variability.
Reconstruction methods

The making of a regional average reconstruction
The reliable parts of each chronology were evaluated using the expressed population signal (EPS; Wigley et al. 1984) , where the EPS value quantifies how well the samples represent the whole population of trees. EPS was calculated over 50-year moving windows with a 1-year lag, and when EPS values fell below 0.85 the chronologies were truncated. To reconstruct regional JJA temperatures, we used the same approach as McCarroll et al. (2013) , viz. normalising (z-scoring) all the ten chronologies over successively longer periods back in time depending on their timespans (see Table 1 ), and then averaging them, giving equal weight to each series using the same parsimony logic as McCarroll et al. (2013) , into a composite chronology over the full 1100-2006 CE period. The target temperature data for the reconstruction was the global land surface 5° × 5° resolution CRUTEM.4.2.0.0 data set covering the period 1850-2006 (Jones et al. 2012) , averaged over the grid points covering the 10-30°E, and 60-70°N region (Fig. 1) . The reason for choosing this coarse gridded dataset was to get an as long as possible calibration period. A transfer model was developed, using simple linear regression, to reconstruct temperature back in time, where JJA temperature anomalies (deviations from the 1971-2000 mean) were set as predictand and the averaged regional tree-ring index (in year t) as the predictor. To test the temporal stability and quality of the model, we employed a split sample calibration/verification procedure (Gordon 1982) , where the common period of instrumental and tree-ring data was split into two periods of equal length (1855-1930 and 1931-2006 respectively) . The first sub-period was used for calibration, and the second withdrawn for validation. Calibration and verification periods were then exchanged and the process repeated. The final model was built over the full period. The skill of the transfer function was assessed in the calibration period with the coefficient of multiple determination (R 2 ) statistic, and in the verification period by means of the reduction of error (RE) and coefficient of efficiency (CE), root mean square error (RMSE) and R 2 statistics (see Cook et al. 1999 for a full explanation). Uncertainties in the form of ±1 RMSE were added to the regression-based and rescaled final reconstruction. The RMSE was computed between observed and rescaled estimates of past temperatures, thus reflecting the added variance associated with rescaling.
A field reconstruction based on the ten chronologies
A point-by-point regression approach (PPR) (Cook et al. 1999 ) was used to generate fields of JJA temperature anomalies from the tree-ring network. The method has previously been used to reconstruct "atlases" of both hydroclimatic metrics (e.g. Cook et al. 1999 Cook et al. , 2004 Cook et al. , 2010 Touchan et al. 2011; Seftigen et al. 2014a, b) and temperature (Cook et al. 2012) . Although the PPR approach is not explicitly spatial, the underlying spatial patterns in the gridded data can be well preserved using this method (Cook et al. 1999) . The PPR was performed in the MAT-LAB (Release 2013a) environment. A search radius of 1,500 km, previously used by Cook et al. (2012) , was used to locate potential tree-ring predictors for each grid point reconstruction. This search radius is roughly corresponding to the spatial decorrelation pattern of instrumental data (i.e. decorrelation decay distance CDD, see Jones et al. 1997) in Fennoscandia (results not shown). All tree-ring chronologies within the search radius were screened to eliminate tree-ring data poorly correlated with temperature at a given grid point. The screening was performed over the calibration period by means of correlation analysis using a two-tailed screening probability of α = 0.05, testing the association between tree-ring data and temperature in current year (t) only. This screening method is quite conservative, and we only used tree-ring data that was positive correlated with temperatures. Retained tree-ring chronologies were transformed into orthogonal eigenvectors through Principal Component Analysis (PCA). The lower order eigenvectors (>1.0) were used as potential predictors in a stepwise regression. An initial model was first fit, and then the explanatory power of incrementally larger and smaller models was assessed. For each iteration the p value of an F-statistic was computed, to test the model with and without the potential predictor. The predictor was added (removed) from the model if the p value was <0.05 (<0.1). The stepwise regression was terminated when no predictors were added or removed from the model. For each grid point, regression models were built for nests to account for the changing chronology coverage back in time (see Cook et al. 1999 for a detailed method description). The calibration period mean and standard deviation of each individual reconstruction nest was scaled to have the same mean and standard deviation as the instrumental temperature data over the calibration period. The nests were then put together to produce a complete full-length reconstruction for each grid point.
The instrumental temperature data used for the field reconstruction was a Fennoscandian subset of the global monthly 0.5° × 0.5° gridded CRU TS3.21 dataset (this is an update of the CRU TS3.10 version described in Harris et al. 2014) , spanning over the 1901-2012 interval. The target area covered the 4.5-30.0°E and 54.5-70.0°N region (Fig. 1) , consisting of a total of 1,355 grid points. This is the same domain previously reconstructed by G8, although they used a different approach. Temperature anomalies (relative to the 1971-2000 average) for JJA were used as the target for the reconstruction. The calibration and verification procedure was the same as the one described in 3.1, although with different sub-periods (1901-1953 and 1954-2006) , and the final model was built over the full 1901-2006 period. Only grid points that produced significant calibration regression models (p value of the F-statistic <0.05), and where CE or RE values exceeded a zero threshold value in the most recent nest were used to produce the final full-period calibration models.
New estimates of Fennoscandian summer temperatures
The new regional average reconstruction
The RSF i standardised ΔDensity and ΔBI adj chronologies are shown in Fig. 2a -j. It is clear that they share common variability on both short and long timescales, and compared to the multi-proxy data used in McCarroll et al. (2013, see their Fig. 3), they display more coherent variance and long-term evolution. The higher coherency among our data is partly due to the choice of proxies. The McCarroll et al. (2013) regional northern Fennoscandian reconstruction (hereafter NFEN) was truly a multi tree-ring proxy reconstruction, including tree-ring widths, MXD, MXBI and height increment, all having slightly different target seasons and temperature responses. By using only two (highly related) proxies as well as utilizing the Δ parameters, we were able to get a higher agreement among the chronologies. Perhaps the largest improvement in chronology coherence is due to the novel standardization, that efficiently removes random and non-random non-temperature noise from individual chronologies. Due to the varying lengths of the ten chronologies, we used a nested approach (Meko 1997) to reconstruct JJA temperatures. The first nest, containing all chronologies, spans over the period 1550-2006, the second 1300-2006 (seven chronologies), the third 1200-2006 (five chronologies) and the fourth 1100-2006 (three chronologies). The calibration/verification procedure was applied to those chronologies included in respective nest to assess the change in reconstruction skill with decreasing number of chronologies. Based on the high CE and RE and R 2 values, which were highly similar for all the nests (Table 2) , we can conclude that (1) using our data we can provide a very skilful estimate of JJA temperatures, and (2) the skill does not change with decreasing number of chronologies, showing that the strong JJA tree-ring association is temporally stable in the calibration period. In fact, the slight increase in R 2 adj for the full calibration period from nest 1-4 indicates that only a few key may adequately represent average regional (10-30°E, 60-70°N) temperatures, as previously proposed by G08. However, to get a more robust reconstruction for a larger region, we advocate the use of as many high-quality sites as possible, especially to ensure a sound spatial representation in the distant past. The full reconstruction of Fennoscandian JJA temperatures was obtained by combining the five individual reconstructions into a single one (Fig. 3) . The reconstruction was scaled to the instrumental data over the calibration period, and uncertainties in the form of ±1 RMSE (of the calibration model) was added to each reconstructed value (see above). Figure 4 shows maps of the calibration (R 2 ) and verification (R 2 and CE) statistics for the PPR derived temperature field reconstruction. As a rule of thumb, a CE value >0 indicates that the reconstruction has some skill in excess of the verification period climatology of the instrumental data (Cook et al. 1999) . From the calibration/validation maps it is clear that the regions where the tree-ring data originates from exhibits the greatest amount of model skill. However, the spatial pattern of the RE and CE differs between the two verification periods, displaying slightly lower score, but for a larger region, in the early verification (late calibration) Fig. 2 The ten RSF i standardised ΔDensity and ΔBI chronologies (see text for explanation of standardisation method and the Δ parameter) shown at annual resolution and after smoothing with a 50-year Gaussian filter period, and slightly higher scores more centred to the north in the late verification (early calibration period). So, even though the reconstruction captures more than 50 % of the variance in temperature variability over a large part of this region, and CE is well above the zero threshold in both the best and worst replicated nests, a shift in the spatial association between the tree-ring data and JJA temperatures can be noted during the twentieth century. The nature of this shift is unclear, but possibly it is a reflection of changes in the timing of the growing season in Fennoscandia during last century (e.g. Linderholm et al. 2007 ), affecting the target season for the trees in the central and southern parts of the network. A slight shift in the JJA temperature sensitivity of these chronologies is also seen between the early and late calibration periods of the regional average reconstruction (Table 2) .
The new field reconstruction
Averaging together all grid point reconstruction for which calibration R 2 >0.5 (632 grid points in total) produces a regional mean reconstruction (not shown here) that is virtually identical to the regional average reconstruction provided in Fig. 3 . This is not surprising, since the large search radius (1,500 km) in the PPR approach will result in all chronologies being chosen as predictors in the regressions for each of the grid points in the target region. The implication of this is that, even though the region has a homogenous JJA temperature pattern, the representation in the grid points where the correlation is low will not truly reflect the local conditions. To overcome this bias, an improved spatial distribution of data is needed from the presently unrepresented regions (e.g. southern Norway and Sweden, and eastern Finland). An increased network would allow us to extract the local "flavours" in temperatures, which would be more meaningful when studying subregional variability.
Comparison with other Fennoscandian reconstructions
Temporal comparison
Next we compared our new summer temperature reconstruction to a set of previously published reconstructions, based totally or in part on MXD data, which have been shown to be good representations of northern Fennoscandian warm-season temperatures. For this comparison we choose the well-known Torneträsk record (recently adjusted by Melvin et al. 2013) , the "northern Scandinavia" (northernmost Sweden and Finland) reconstruction by Esper et al. (2012, hereafter NSCAN) , and NFEN where the latter two targeted JJA, but Melvin et al. (2013) targeted May-August. Although Esper et al. (2012, Fig. 6 ) pointed out notable differences in temperature levels among various regional reconstructions, we did not expect large deviations among the selected reconstructions since part of the data used in NSCAN and NFEN was also included in our reconstruction. Figure 5 shows the temporal evolution of the four above mentioned reconstructions. In general, there is a good agreement among them, all displaying similar distinct variability in the twelfth century, the cold periods in the midfifteenth century and around 1600 (the latter being by far the coldest period during the last 900 years in our new reconstruction) as well as the twentieth century warming. However, there are also periods where the records disagree. One such period is the thirteenth century, which corresponds to the transition from the Medieval Climate Anomaly (Medieval warm epoch, Lamb 1965) into the Little Ice Age (LIA, ibid.). While our new reconstruction and NFEN suggest a recovery after the rather abrupt temperature decline in the late 1200s in the latter part of the thirteenth century, such a recovery is less conspicuous in NSCAN, and the evolution of Torneträsk is the opposite of the others in the thirteenth century. Compared to the others, our new reconstruction suggests an earlier transition to the fifteenth century warming peak and also that this peak occurred slightly earlier. Another period of deviation among the records is found between the mid-1600s and 1900. Our new reconstruction suggests less multidecadal temperature variability during this period compared to the others, where one example is the temperature peak in the last half of the eighteenth century seen in Torneträsk and NFEN, which is much less pronounced in NSCAN and our new reconstruction. The large heterogeneity among the reconstructions during this period is surprising since most chronologies are quite well replicated. A deviation of the NFEN is reasonable, since it contains a range of tree-ring proxies with differing expressions of summer temperatures, but the other reconstructions are derived from MXD, including common data, and was thus expected to be more coherent. Likely this issue can be solved with a more coherent and careful approach to both choice of standardisation method, data selection and parameters used (see Frank et al. 2010 ). The results presented here and, perhaps more convincingly those of Björklund (2014) , who showed that a set ΔDensity chronologies standardised with the RSF i method were far more coherent compared to their RCS standardised MXD counterparts which displayed more of a "spaghetti plot", suggests that our method could solve at least some of the discrepancies observed among current data.
Possibly some of these discrepancies are due to different sub-regional expressions of temperature variability. Despite the overall homogenous summer temperature pattern, temporal and spatial changes likely occur. As an example, climate in Fennoscandia is closely linked with the atmospheric circulation, e.g. the North Atlantic Oscillation (NAO, e.g. Visbeck et al. 2001) , and circulation patterns are not spatially stable through time, partly due to shifts in the position of the polar jet stream (Hudson 2012) . This is particularly noticeable during summer where the southern node of the summer NAO, variability of which is closely linked to climate in Fennoscandia (Folland et al. 2009 ), has shifted in position through time. Consequently, changes in the average positions of circulation patterns over Fennoscandia could cause contrasting or differing temperature responses across the synoptic-scale boundaries within a region (e.g. between the central Scandinavian Mountains and northernmost Sweden). Using tree-ring isotope records, long-term changes in the large-scale atmospheric circulation over northernmost Scandinavia, associated with the Arctic Oscillation, have been inferred for the last millennium, (Young et al. 2012; Loader et al. 2013) , and ongoing work targeting the summer NAO (Salo et al. in prep.) will provide possibilities to investigate this further. Additionally, detailed studies of periods of deviance among local-toregional reconstructions could help us detect sub-regional climate variability and better understand the spatial variability of the atmospheric circulation and its impacts. Thus, efforts should also be made to analyse sub-regional differences in addition to reconstructing large-scale means.
Looking at the spatial representation of the four reconstructions over the 1901-2005 period (Fig. 6) , obvious differences among the patterns can be seen. Note that here we only highlight correlations >0.71, corresponding to an explained variance of the observed JJA temperatures of 50 % or above. Of the three old reconstructions, the one from Torneträsk, where the data comes from a confined region, has the best spatial representation for northern Fennoscandia. Correlations above 0.71 are found down into central Norway and Sweden, and along the west coast of Finland, and a correlation "hot spot, with values exceeding 0.8, is found over and south of the sampled region. This again confirms that MXD data from Torneträsk has an unusually strong warm-season temperature signal representing a wide region. Of the two multi-site reconstructions, NSCAN displays a slightly larger area with correlations above 0.71, displaying a spatial pattern quite similar to that of Torneträsk, albeit a bit weaker and more northerly confined. This is not surprising since data from Torneträsk (living trees) were included in NSCAN. The spatial pattern of the multi-proxy and multi-site NFEN reconstruction resembles that of NSCAN, although it is slightly weaker and centred over the northernmost part of Fennoscandia. The highest correlations are found in northern Norway and over north-westernmost Sweden, which partly includes the Torneträsk region. Turning to our new reconstruction, it is evident that including data from more southerly sites along the Scandinavian Mountains yields a much stronger and spatially larger correlation pattern. Correlations >0.71 are found over most of Fennoscandia except for southern Norway and Sweden and the northernmost tip of Finland. The strongest correlations are found over much of northern Sweden and also across the Gulf of Bothnia in western Finland. Fig. 4 Maps of calibration and verification statistics for the best and worst models in the two sub-periods (1901-1953 and 1954-2006) Compared to the best nest of G08 (see their Fig. 8 ), the spatial correlations are slightly weaker using the present chronology, but it should be noted that the best nest in G08 was based on 30 chronologies, and only extending back to 1893, and also that the calibration period was shorter . Actually, the correlation pattern of the new reconstruction corresponds quite well with that of nest 4 in G08, which contained 12 chronologies from 9 sites (extending back to 1696). However, contrary to G08, where there is a progressive decrease in the spatial correlation values with decreasing number of chronologies, the correlation patterns show only very marginal changes from nest 1 to nest 4 (see supplementary figure S1 ). Thus, even though we cannot attain a reconstruction that represents summer temperatures for the whole of Fennoscandia with high fidelity using the present data, we have shown that it is possible to provide a robust and reliable reconstruction for large parts of this region for the last 900 years.
The added value of the RSF i standardisation method used here is that it will provide mean chronologies with larger variability because of reduced noise levels in the included chronologies compared to those produced with RCS. Since the temperature variation where the included chronologies are located is very similar, our assumption is that the increase in coherence among the chronologies is due to the standardisation. One important achievement with this new method is that the coherence among RSF i standardised chronologies is significantly higher on frequencies lower than decadal timescales compared to those standardised using the classic RCS method (Björklund 2014) .
Spatial comparison
The new field reconstruction was compared with two previously published multi-proxy gridded temperature reconstructions: (1) the 0.5° × 0.5° resolved JJA temperature fields provided by L04 covering 1500-2004 CE, and (2) the 5° × 5° gridded reconstruction of April-September temperatures reconstructed by G10 for the 600-2007 CE interval. Both datasets cover the European domain, and are based on a range of climate proxies, including tree-ring data. Figure 7 shows point-by-point correlation maps between our new reconstructed temperature field and the two datasets. Because of the coarser grid of G10, we averaged the gridpoints within each 5° grid in our reconstruction in the comparison with G10.
L04 shows high spatial coherency with our reconstruction in the period 1700-1900, which is a period when L04 includes observational data from Fennoscandia. Prior to that, when L04 is mainly based on proxies from continental Europe, except for Baltic and Icelandic sea-ice data, Greenland Ice core data and tree-ring width data from Fig. 6 Field-correlation between average JJA temperatures from the CRU TS 3.21 dataset (Harris et al. 2014) and: top left the new regional Fennoscandian summer temperature reconstruction, top right Torneträsk , bottom left NFEN and bottom right NSCAN (Esper et al. 2012) , during the period . Note that only correlations >0.70 are shown in this figure northwestern Norway and Siberia (see supplementary material in L04), the correlation trails off considerably. Turning to the comparison with G10, the spatial correlation is very low (<0.20) for the entire domain during the whole 1100-2006 period, with no centuries showing much higher associations between the two (not shown). This is rather surprising, since G10 utilized several tree-ring chronologies from Fennoscandia (see table S1 in G10), where our reconstruction and G10 both include Forfjorddalen. However, G10 only used tree-ring width data from this region, which contains a much weaker temperature signal than MXD (e.g. Briffa et al. 2001) . Moreover, G10 reconstructs a longer season (April-September) which may have an influence on the result. Still, it is obvious the two "whole Europe" reconstructions are of very limited relevance for Fennoscandia, and clearly show that more local data from the northernmost region of Europe is needed to fully represent the entire region.
A brief look at some forcings of Fennoscandian JJA temperatures
In this section, we briefly examine the influence of two forcings on Fennoscandian JJA temperatures over the last 900 years. We focus on SST variability representing longterm forcing, and volcanic eruptions representing shortterm forcing. We do not discuss solar influences since this was already sufficiently done in McCarroll et al. (2013) . In addition to the influence of the NAO (e.g. Chen and (2013) found a positive correlation between NFEN and observed North Atlantic SST during JJA, being strongest to the north of Fennoscandia. As expected, our new reconstruction showed similar, but spatially wider, correlation patterns with significant (p < 0.05) positive correlations found over the Norwegian Sea and the Barents Sea (Fig. 8) . In addition, significant correlations are found over the sub-polar gyre (negative) and the subtropical gyre (positive), suggesting a link between Fennoscandian summer temperatures and the thermohaline circulation. This will be investigated in a further study. Large explosive volcanic eruptions can have significant impacts on regional to global temperatures, depending on the amount of volcanic aerosols emitted into the lower troposphere on temperatures (Robock 2000) . In winter, volcanic eruptions are associated with slightly increased temperatures, particularly the year after the eruption (Robock and Mao 1992). In summer, individual large eruptions may cause large-scale cooling, lasting for 2-3 years after the event, with a maximum effect usually occurring 1 year after the eruption (Jones et al. 2003) . Due to the importance of volcanic eruptions as short-term forcings on global temperatures, efforts have been made to locate, date and estimate the impact of eruptions in the pre-instrumental era (Gao et al. 2012; Crowley and Unterman 2013) . Also, using high-resolution paleoclimate data (mainly tree-ring data), studies of the impacts of known (or inferred) past volcanic eruptions on temperature have been made (e.g. Briffa et al. 1998; Fischer et al. 2007 ). In general, these studies have shown that anomalous growth depressions, interpreted as low temperatures, are in many cases associated with volcanic eruptions.
Here we further investigated the link between volcanic eruptions and inferred summer cooling in Fennoscandia which has previously been shown (Jones et al. 2013; McCarroll et al. 2013) . Temporal relationship between anomalously cold summers and known past explosive volcanic eruptions was assessed through Superposed Epoch Analysis (SEA, Lough and Fritts 1987) . By using this technique, we evaluated whether the mean value of reconstructed temperature is significantly different during the eruption year compared to 1-5 years immediately before/ after the event. SEA was performed in dplR (Bunn et al. 2014) , where the significance of the departure from the mean temperature was estimated trough bootstrap resampling. We used the dataset from Gao et al. (2008) , available at the NOAA World Data Center for Paloclimatology (Gao et al. 2009 ), of past volcanic eruption to set the key years for running SEA. The results indicate a statistically cooling Fig. 9 Top plot reconstructed temperature anomalies compared with the Northern Hemispheric sulphate loadings series from ice core data (Gao et al. 2008 (Gao et al. , 2009 ) since the 1100 CE. Dashed lines indicate the 20 and 40 Tg thresholds, respectively. Bottom plot results of the Superposed Epoch Analysis (SEA), used to detect the presence or absence of a volcanic forcing signal in the reconstructed temperature series. The analysis was conducted using (left plot) all known eruptions over the past nine centuries (43 key years), and only those eruptions where the annual stratospheric volcanic sulfate aerosol injections exceeded (middle plot) 20 Tg (15 key years) and (right plot) 40 Tg (7 key years), respectively effect 1 year after the eruption (Fig. 9) . For especially large eruptions, where the annual stratospheric volcanic sulphate aerosol injections were 20 Tg or more, the cooling seems to have persisted for up to 4 years after the event, which roughly corresponds to the 3-year lifetime of volcanic aerosols (Oman et al. 2005) . Hence, frequent volcanic activity in the latter half of the fifteenth, seventeenth and late eighteenth-early nineteenth centuries might be responsible for some of the persistent temperature decline as seen in the reconstruction during these periods. These results are generally consistent with previous studies (e.g. Briffa et al. 1998; Fischer et al. 2007; Jones et al. 2013; McCarroll et al. 2013) highlighting the importance of explosive volcanisms as an external driver of North European climate variability.
Summary and concluding remarks
Based on 10 ΔDensity and ΔBI chronologies from 8 sites from along the Scandinavian Mountains and the northern treeline, we provided a new skilful (based on calibration/ verification statistics) reconstruction of Fennoscandian summer (JJA) temperatures for the last 900 years. We showed that, compared to previous reconstructions, our reconstruction has a larger spatial expression, representing not only the northern part of Fennoscandia, but also its central parts. However, the southern region remains elusive due to the present lack of ΔDensity and ΔBI from those parts. Based on the data we used, where the Δ parameter strengthens the JJA temperature signal, and the geographical spread of the chronologies, we argue that our reconstruction is presently the best representation for a wider Fennoscandian region. Moreover, using our chronology network, we showed that it is possible to make a skilful field reconstruction for the region. It should be noted that due to the limited spatial distribution of the data, the utilized method does not allow us to fully estimate small scale variability within the grid. To improve the spatial representation as well as constraining the estimates of past summer temperature variability, we advocate that the method described is used and that additional efforts are made to utilize the new BI proxy, which is an affordable complement to density with possibilities to yield similarly excellent temperature information.
